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Abstract 
A new cytoplasmic male sterile sunflower, CMS3 [44], was characterised in relation to the Petiolaris 
(PET1) cytoplasmic male-sterile sunflower, CMS89 [25]. Southern blot analysis showed that the mi- 
tochondrial genome of CMS3 contains unique rearrangements in at least five loci (atp6, atp9, atpA, 
nadl + 5 and coxIII) compared to the PET1 sterile and the fertile cytoplasms. Transcripts of two (coxIII 
and atp6) of the five rearranged loci differed in CMS3 when compared to the corresponding loci in the 
PET1 and fertile cytoplasms. In organello protein synthesis experiments showed that the ca. 15 kDa 
mitochondrial polypeptide, characteristic ofPET1, is not present in the CMS3 line. These data suggest 
that the molecular basis of male sterility in the CMS 3 line differs from that of the PET 1 cytoplasm. The 
nucleotide sequences of the coding and the immediate flanking regions of the coxIII and atp6 genes of 
CMS3 were compared to the corresponding regions from the fertile sunflower. In CMS3 the ORFB- 
cox III locus is located immediately 3' to the atpA gene whereas in the fertile cytoplasm tlaese two loci 
are ca. 60 kb apart. This DNA rearrangement probably involved a 265 bp repeat which may be impli- 
cated in the DNA recombination associated with PET1 CMS. The atp6 gene in CMS3 contains a 5'- 
terminal extention which results in an extended ORF. The potential involvement of the rearrangements 
associated with the coxIII and atp6 loci in relation to the CMS phenotype is discussed. 
Introduction 
The mitochondrial (mt) genome of higher plants 
is viewed as a dynamic genetic system consisting 
of a heterogeneous population of molecules that 
interconvert via recombination i volving pairs of 
direct and/or inverted repeats. The size and num- 
ber of such repeats varies among species and 
The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under 
the accession numbers X82386 (H. annuus mitochondrial coxIII gene (ANTI)), X82387 (H. annuus mitochondrial atp6 gene 
(HA89)) and X82388 (H. annuus mitochondrial tp6 gene (ANTI)). 
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correlate with the complexity of the genome struc- 
ture [27, 33]. Evidence for nonhomologous re- 
combination has also been obtained in plant 
mtDNA with the finding of chloroplast DNA se- 
quences integrated in the mitochondrial genome 
[45, 46]. 
Recombination plays an important role in in- 
troducing enetic diversity by generating mutants 
with altered mitochondrial genomes. One class of 
mitochondrial mutants i exemplified by cytoplas- 
mic male sterility (CMS), a maternally inherited 
trait which affects pollen development. In the 
T-cytoplasm of maize intra- and intermolecular 
recombination events involving coding and non- 
coding regions have resulted in the formation of 
a novel chimeric gene (urf13), the protein product 
of which appears to be causally related to the 
CMS phenotype [8]. Recombination events in- 
volving the mitochondrial t6, at9 and coxH genes 
have created chimeric sequences in the C male 
sterile cytoplasm of maize, which are also thought 
to be involved in the expression of the sterile phe- 
notype [10]. The chimeric petunia gene pcf as- 
sociated with CMS is also the result of mitochon- 
drial genome rearrangements and contains part of 
the coding region of atp9, coxH and an uniden- 
tified reading frame termed urf-S [49]. 
In sunflower, CMS was first described by 
Leclercq [25] in the progeny of a cross between 
Helianthus petiolaris and Helianthus annuus. This 
type of male sterility known as PET1 CMS is the 
only one used commercially in hybrid sunflower 
seed production. In PET1 CMS the sterile phe- 
notype is also associated with a rearrangement i  
the mitochondrial genome. The modified region 
of the mitochondrial genome is flanked by the 
atpA and cob genes and it has been suggested that 
a 265 bp repeat located at the 3' end of the atpA 
gene and elsewhere in the genome may be in- 
volved in an inversion/insertion event l ading to 
this genome rearrangement [22, 23, 41]. Due to 
this rearrangement downstream of the atpA gene, 
a new open reading frame ORF522 has been cre- 
ated which is co-transcribed with the atpA gene 
[22, 23]. A 15 kDa protein synthesised in mito- 
chondria from the PET1 cytoplasm has been 
shown to be the translation product of ORF522 
and may be responsible for the PET1 CMS phe- 
notype [30]. 
It is important to increase the cytoplasmic ge- 
netic diversity in sunflower, by identifying and 
characterising new types of CMS, in order to 
reduce the dependence on a single cytoplasm and 
the associated risk of genetic vulnerability. Fur- 
thermore, characterisation f new types of CMS 
at the molecular level should allow a better un- 
derstanding ofthe nuclear-mitochondrial interac- 
tions during plant development and particularly 
during microsporogenesis. We have initiated a 
molecular analysis of independently selected 
CMS lines, obtained either by specific crosses 
between different Helianthus species or by mu- 
tagenesis [44]. The molecular characteristics of
three independent CMS lines appeared to be 
identical to PET1 CMS (Spassova et al., in 
preparation). However, one of the genotypes in- 
vestigated, obtained from an open pollination of 
Helianthus annuus ssp. texanus [48] and desig- 
nated CMS3 showed a different mitochondrial 
genome organisation distinguishing this line from 
the parental fertile and the other CMS lines stud- 
ied to date [44]. In the present article we report 
a detailed molecular analysis of the structure and 
expression of the mitochondrial genome of CM S 3 
in order to try and identify the genetic loci which 
cause male sterility. 
Materials and methods 
Plant material 
Sunflower lines HA89 (fertile line) and CMS89 
(CMS sterile line) are isonuclear lines containing 
the nuclear genotype of Helianthus annuus. The 
fertile line HA89 contains the cytoplasm from H. 
annuus and the sterile line CMS89 contains the 
cytoplasm from H. petiolaris and represents the 
PET1 CMS cytoplasm [26] which was used as a 
reference to study the new CMS3 line [44]. 
Table 1. Mitochondrial probes. 
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Code Name Origin References 
coxl Cytochrome C oxidase subunit I maize [18] 
coxH Cytochrome C oxidase subunit II maize [ 13] 
coxIII Cytochrome C oxidase subunit III Oenothera [16] 
cob apocytochrome b maize [5] 
rrn26 26S ribosomal RNA gene wheat [12] 
rrnl8 18S ribosomal RNA gene wheat [ 11 ] 
rrn5 5S ribosomal RNA gene wheat [ 11 ] 
atpA subunit c~ of the ATPase complex maize [ 19] 
atp6 subunit 6 of the ATPase complex maize [6] 
atp9 subunit 9 of the ATPase complex maize [7] 
nadl + 5 NADH dehydrogenase ubunit 1 and 5 Arabidopsis [21] 
nad3 + rps12 NADH dehydrogenase ubunit 3 and part of the ribosomal Oenothera [15] 
protein 12 
ORF873 Sma I-Eco RI 404 bp fragment located 3' of the atpA gene sunflower [22] 
in the fertile line 
ORF522 Rsa I-Rsa I 545 bp fragment located 3' of the atpA gene in sunflower [22] 
PET1 CMS 
Mitochondrial gene probes 
The origins of the plant mtDNA sequences used 
as probes in hybridisation analysis are presented 
in Table 1. 
Isolation of nucleic acids 
Mitochondrial DNA and RNA were isolated 
from 10-day-old ark-grown sunflower seedlings. 
DNA was extracted as described by KOhler et al. 
[22] and RNA isolated according to the proce- 
dure of Stern and Newton [47], except that 
sucrose gradients were not used for the purifica- 
tion of mitochondria. 
Southern and northern blot analysis 
Mitochondrial DNAs digested with restriction 
endonucleases were separated by agarose gel 
electrophoresis and transferred to nylon mem- 
brane (Hybond N +, Amersham) by vacuum blot- 
ting (LKB) according to the manufacturer's in-
structions. Mitochondrial RNA was fractionated 
by electrophoresis in a 1.3~o (w/v) agarose gel 
containing 0.6 M formaldehyde and blotted to 
Hybond N + filters in the presence of 20 x SSC. 
Mitochondrial DNA probes were labelled with 
[32p]dCTP by random priming and hybridisa- 
tions performed under the conditions described 
by Spassova et al. [44]. 
DNA sequence analysis 
Cloning was carried out using vector pUC 119 
and Escheriehia coli strain JM 101. Ligation and 
transformation procedures were as outlined in 
Sambrook et al. [36]. DNA sequences were d - 
termined using a Taq Dye Primer Cycle Sequenc- 
ing Kit (Applied Biosystems) and an automatic 
DNA sequenator (Applied Biosystems model 
373A). Database searches were performed with 
FASTA [34]. 
In organello protein synthesis 
Mitochondria were isolated and purified on su- 
crose gradient according to Leaver et al. [24] 
from 4-day-old ark-grown seedlings. In organello 
protein synthesis was achieved by incorporation 
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of [35S]methionine into mitochondrial proteins 
following the method escribed by Leaver et al. 
[24]. Radiolabelled polypeptides were separated 
by electrophoresis on a 12-20~o (w/v) SDS- 
acrylamide gradient gel which was dried and 
autoradiographed. 
Results 
Mitochondrial genome organisation 
To identify regions of the mitochondrial genome 
in the CMS3 sunflower line that are potentially 
Fig. I. A comparison of the organisation and expression of five mitochondrial gene loci in fertile and CMS lines of sunflower. A. 
Southern blot analysis: mtDNA isolated from young seedlings of fertile (F), PET1 CMS (S) and CMS3 (NS) sunflower lines was 
digested by restriction endonucleases, fractionated by electrophoresis and blotted onto nylon membrane and hybridised with 
gene-specific probes for the subunits 6 (atp6), 9 (atp9) and the c~ subunit (atpA) of the ATPase complex, the subunits 1 and 5 of 
the NADH dehydrogenase (nadl + 5) and the subunit III of the cytochrome C oxidase (coxlII). Size markers are indicated on 
the left. B. Northern blot analysis: mtRNA isolated from young seedlings of fertile (F), PET1 CMS (S) and CMS3 (NS) sunflower 
lines, were fractionated by gel electrophoresis and hybridised to the same gene-specific probes as in Fig. 1A. Size markers are 
indicated on the left. Transcripts which differ in CMS3 compared to the fertile or PET1 CMS line are indicated by an arrow. 
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rearranged with respect o the fertile and PET1 
CMS genomes, Southern blot analyses were car- 
ried out with a range of mitochondrial-specific 
gene probes. We have previously shown that an 
atpA-specific probe distinguished CM S 3 from the 
fertile and PET1 CMS cytoplasms implying a re- 
arrangement in the vicinity of the atpA gene is 
characteristic of CMS3 [41]. In order to further 
characterise genomic rearrangements associated 
with CMS3 sunflower, the investigation was ex- 
panded to include 14 additional mitochondrial 
genes widely distributed over the sunflower mi- 
tochondrial genome as hybridisation probes 
(Table 1). Only five of the gene probes atp6, atpg, 
atpA, had1 + 5 and coxIII showed differences in 
the restriction fragments o which they hybridised 
suggesting that the genomic environments of the 
five genes differ in CMS3 compared to the fertile 
and the PET1 CMS cytoplasm (Fig. 1A). Hy- 
bridisation with ORF873 and ORF522 probes 
[22] revealed that these ORFs located down- 
stream of the atpA gene in fertile and PET1 CMS 
sunflower respectively are not present in the 
CMS3 mitochondrial genome. Interestingly the 
atpA and coxIII probes hybridised to the same 
Hind III and Bgl I fragments in the CMS3 line 
(data not shown), suggesting that due to recom- 
bination both genes are located close to each other 
in the CMS3 mitochondrial genome. 
the other rearranged loci in CMS3 only the tran- 
scripts of the atp6 and coxIII genes differ from 
the fertile and PET1 CMS lines. The atp6 probe 
hybridises to a 1.4 kb transcript in the fertile and 
PET1 CMS lines and to a larger transcript of 1.6 
kb in the CMS3 line (Fig. 1B). The coxIII probe 
detects a transcript of 2.8 kb in the fertile and 
PET 1 CM S lines and a diffuse transcript of about 
3.1 kb in CMS3. When the same blot was rep- 
robed with other mitochondrial genes discrete 
bands were obtained, indicating that the diffuse 
band is not the result of general RNA degrada- 
tion. 
Comparisons of mitochondrial gene transcripts in 
mitochondria from fertile and sterile cytoplasms 
The effect of mitochondrial genome rearrange- 
ments on transcription of individual genes was 
investigated by northern blot analysis of seedling 
RNA using the same mitochondrial gene probes 
as above. Transcript size and abundance of most 
of the genes investigated were similar in fertile 
and both CMS cytoplasms. The transcription 
pattern of the atpA gene in CMS3 is identical to 
the pattern in the fertile sunflower line where two 
major transcripts of ca. 2.3 and 2 kb were de- 
tected. The ca. 3 kb atpA-ORF522 chimaeric 
transcript specific to PET1 CMS is absent from 
the CMS3 and the f rtile lines (Fig. 1B). Among 
Fig. 2. A comparison of in organello mitochondrial protein 
synthesis by mitochondria from fertile and CMS lines of sun- 
flower. Protein synthesis was performed using mitochondria 
isolated from dark-grown seedlings of fertile (F), PET 1 CMS 
(S) and CMS3 (NS) sunflower lines. Mitochondrial proteins 
were fractionated by SDS-polyacrylamide g l electrophoresis 
and autoradiographed. Three proteins with a molecular mass 
of ca. 14, 18 and 38 kDa were only detected in the CMS3 line 
and are indicated by arrows. The 15 kDa protein specific to 
the PET1 CMS line is also indicated. Size markers are indi- 
cated on the l ft. 
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In organello protein synthesis by mitochondria from 
(,xterile and fertile cytoplasms 
Analysis of the products of in organello protein 
synthesis by mitochondria isolated from seedlings 
of fertile, PET1 CMS and CMS3 lines revealed 
specific variations in mitochondrial translation 
products of the CMS3 cytoplasm. Mitochondria 
from CMS3 clearly do not synthesise the 15 kDa 
protein characteristic of the PET1 CMS. How- 
ever, three other weakly labelled polypeptides 
with molecular masses of ca. 14, 18 and 38 kDa 
appeared to be specific to the CMS3 line and are 
not synthesised in mitochondria from either the 
fertile or the PET1 CMS lines (Fig. 2). 
Cloning and sequencing of the coxIII region of the 
mitochondrial genome 
In order to further characterise those regions of 
the CMS3 mitochondrial genome which are re- 
arranged and show different expression than the 
fertile and PET1 CMS lines, the entire nucleotide 
sequence of the coding and immediate flanking 
regions of the coxlII and atp6 genes in CMS3 
was determined and compared with correspond- 
ing regions in the fertile line. A 7 kb Hind III 
restriction fragment from the CMS3 mitochon- 
drial genome, carrying both the atpA and the 
coxlII gene was cloned and sequenced. The se- 
quence data show that the recombination events 
which gave rise to the CMS3 cytoplasm brought 
together the atpA and coxlII loci (Fig. 3A). 
Previous data have shown that a 265 bp repeat 
is present 3' to the atpA gene and is thought o 
have mediated the DNA recombination events 
which led to the creation of the mitochondrial 
genome organisation characteristic of PET1 CMS 
(an 11 kb inversion and a 5 kb insertion event). 
This 265 bp repeat contains a portion of the 3' 
region of the atpA open reading frame, its 3'- 
untranslated region and the beginning of the 
Fertile-~ atp A ~ - -  
"~Z65 bp 
CMS3 -~ atpA 
Fertile and 
PET1 CMS 
265 bp / 
265 bp 
repeat 
57 bp homology between 0RF522 and ORFB 
Fig. 3. Molecular organisation of the coxlII locus in CMS3 sunflower. A (this page). Schematic representation f the novel mi- 
tochondrial genome organisation of the atpA-coxlII region in CMS3 and its possible origins. As a result of rearrangement i  the 
mitochondrial genome which led to the creation of CMS3, the atpA and coxIII loci are closely linked, in comparison to the fer- 
tile and PET1 CMS where they are at least 60 kb apart from each other [41]. Such a rearrangement probably involved the 265 
bp repeats which are present elsewhere in the mitochondrial genome [23 ]. B (next page). Nucleotide sequence of the atpA-coxIII 
region in the CMS3 mitochondrial genome. The sequence shown covers the end of the atpA gene, the 265 bp repeat, ORFB, the 
coxIII gene and its 3'-untranslated region. Sequence comparison shows a complete conservation of the atpA gene and of the 265 
bp repeat between CMS3 and the fertile genome. In the CMS3 line the DNA sequence continues with 99% identity to the ORF 
B-eoxIII locus of the fertile sunflower. Open reading frames are boxed with a plain line and the 265 bp repeat is boxed with a 
dashed line. The nucleotide substitutions are underlined, the nucleotide insertions are boxed. The extension of the coxIII ORF 
by 7 amino acid residues is indicated by a dashed line. The 417 nt chloroplast DNA insertion located 3' to the coxIII gene which 
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CMS3 A'I~q'GAC TGAAGGAAAAGATAG ~TAGGAGGGCAC GG'TTAAACAG G 50 
IIAB9 C ~  . . . . . .  TATC~TA~GAC- -ACC CATACATACA 
~A89 
C~S3 ~C,C  G~AC,~ TCTC~ ~ ~'G~V.A~CT ccr rz ' c  c i oo  
* ***  * * **** *** * * * * * 
~89 ~AGATC TAG~TAG T '2TATCTCC~C~A~T-  ACCC TTC C C OT ~24S3 
CMS3 ACCCA~/~A~ GATC GA~CTC T~CT~GAC~C~' / '~TAG GA 150 BAS9 
HA89 G CTAAGAG C C ~  G A A A ~ C  TGT~GA~GAC TTCATTTA GGA 
C44S3 CC~AT CT~AATC CAACTAG~TA~- -~ '~GGAAATAGAGC TT 200 C~S3 
**************************************  ***~******* 
~L~89 G C GATC~AATC CAAC~AGAAATAT ~ - - " ~  AAATAGAGC'~ P~L89 
~ K N F H A F p G 
C~3 TAGAAGCAT~ ~'F I~ C*P~A~g~C CC A C A ~  CAT G ~  C CTGG TC 250 CHS3 
**************  ***** ****  **4***  ***********  ***4*  
~AS9 
HA89 TAGAA~CATC~ -CTI~A ~C C CAACAACTC CCATGC CTTT~ G GTC 
R T K ¥ T I F F P E K S F C F F R 
C~S3 GGAC C A~C,C CA~CTATI'r TC TTTCCC OAA~G~.~- , -~-~.~AC,  A 3OO C.J~3 
HA89 
HA89 G~ACCAAGCCAACTA~'TT . . . . . .  CCGACAA~CTCA~T~GA 
A R R G T ~ R R F ~ I H I ~ Y V L 
ce~3 ~C~AG~AG~ ~ACTA~GA~aTT C~TTATTAT~ATCA~CTAC GTT CT 350 C '~S3 
,******* .****** 4**** *** ** .4 * 
HAe~ 
HA89 G CAAGAAG C GC4%AC TACAAGAAA~ . . . . . . . . . . .  AATC- - -TA-ATI~T 
~ S ~ ~ V T A S S S S S G ~ S F 
C~S3 TCAGT CGATGAAAGTAACTC4= T~GTI"CGAGTGGTATTA~TTTTC 400 CMS3 
~A89 
E~SS ~ . . . . . .  AT~G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
~ F v L E I V ~ T ~ L P G D S F T 
C.'~3 CTyr~ GTC~'~'ZV.,C-~C.ACACCGCTTC ~ ' :  ~ C A  4SO C.~3 
***  **  ***  **  
N R L T A $ T V S I P G Y I V D ~ 
C~3 AATC~ CCTC~CT~ TCRACC G~AG C~=fC CAGG~TATA~ ~'GAC CC 500 C~3 
* * *** ** ** ****** 
~89 
~ . . . . . . .  TTA~,C  . . . . . . . . . .  aCaCACC-GGTT~ . . . . . . .  
CSS3 
K I I S S L T H F N R L L V D L 
CMS3 C~TAATATC~G C'/~AAC TCA~Y~TC GT~AGTG GATCT~ 550 
* * ** ** ** .4.* ** 
~TA89 ~AGAGTAGTA . . . . . . .  ~ . . . . . . . . . . . . . . . . . . . . . .  GGAT-TAT 
R v v K n ¥ 
K Y D F L E G R M Y ~ K Y X F S L 
C~3 A~TATC~F~'I'ZU,~C-GAGGGTC GGA~G TATCCTAAATATATTT~C TT ~0o ~A89 
C~3 
HA89 TATGTAAC . . . . . . . .  { ~ G  . . . . . . . . . . . . . . . . . . . . . .  
Y v T 1 ~ R 
Q Q Q L D N T ~ I E S DG K K L D  
CMS3 CAACA GCAATTGSAC AATACAC CTATTGAATC TC'/TG G T A ~ G A  650 c~*~s 3 
***  * **  **  ****  4*  **  ***  * * **  **  
sa89 . /o .c , l ,  f fem~cl ,  c~ c .~cc .c  a -  - -AT  - -AA~i ' I " I~  . . . . .  -~a-- .TT~T 
T V • n ~ A I ~ ~ D Y 
C~S3 
S M R Q D E L T G L ~ D Y L ~ S ~A89 
C14S3 ~TCTATGC GC CAAGATC~GTT~ACAG TTTATCTC~TTATT~ CA~I~ TC ?~0 
* * ** *** ** * **** ******  * .4  
C~3 
~L~89 CAC CAT-TACCATAAT~A . . . . . . . .  ~AT . -A~A~ IAT~C ~-  
H H y ~ N N y Y Y Y N L 
L G Y S D Q A Y L E Y D K I C D E C~ 3 
CIIS3 TC G~ACTC TC=ATC AAGCATATCTC C~TAT~.%AA~TTTG TGATGAG 750 
S~S~ 
S A F A E M Q T R T 
~ - ~ o n s e r v e d  c o r e  ~egion  c~s~ 
R y R D M V V p S P L E Q F E I L 
HAS9 
CMS3 C GATAT~GAGATATG GTGGTACCTAG C C C~ TTGAGC AAT~ CATTCT 800 
~8~ . . . .  ~ . . . . . . . .  GGCACCTA~CCCCCTT~GC~A~CrTCCAT~CT 
A 
~ L I ~ II K I G N L Y ~ S F T N 
C.HS3 CCCAT T~ATT C CTATG~GATA~ATTTC T~TTC ACAAA~T 850 




s s L F M L L T L S L V L L L N H 
C A T ~ T G C  TGCTAACTCTCA~Z'~TG GTC CT~L~FI~T G~ATCAT 
*********************************************  ****  
C ATC~ ~ ' I ~ A T C ~ A A ~ Z ~ C T A C  TTC~/TC~ 
I 
F V T K K G G G N L V P N A W Q S 
T~G ~TACTAA~A~ CC~UC~UC~AAC~AGTAC C~AT~CTT GGC~ 
**************************************************  
TTT~TAC TA~AGGAGGAGGA~AC TTAGTACCA~ATC~TrCCC A~ 
L V E L I y D F V L N ~ V N E o 
C~TAGAGC~TTTATGATTT~ G TC~CCTG ~DA~AC G ~  
**************************************************  
C ~Y/~GTAGAG~ATTTATGAT '~ GTC~CCTGGTA~ACGAACAAA 
~ a G~L S G N v ~ Q ~ F F P C X L 
T _ ~ A ~ A C . U ~  ~Tn 'T  CC ~ CATCT'~ x050 
*************  ************************************  
TAGGGGGTC~ C CC~T GTTA~AAAAGT~ C C ~ T  C~ 
V T F T F 5 L F C N L Q G M I P Y 
G~CAC ~=I~AC' I~  T G ~ A ~  TAA'/~TTCAGG ~'TATGATAC CT TA  Ii00 
G TC~.~U- I -L -ZU~F~AT'~TAAT~ TT CAGG~ATC~TAC CTTA 
I 
S F T V T S H F L I T L G L S F 
TAGCTTCACAGTTAC~GTCA~I 'F~'~AC~AGGTC~ TC A~ ~ 1150 
TAGC~CAG~TA C~GTC ATT~TT~E ~TAGG TCTCTCA~TI~/T 
S I F  ~ G ~ T I V G F Q R N G L H 
CTA~=/=I~AT~TTACTATAGTGGGA~' I=E C~GA~ GG G ~  AT 1200 
C TA'~I ' I ' /TATT~ATTACTATAqTGG GATTTCAAAGAAAC GGG~T 
F L S F L L P A G V P L P L A P F 
T r ~ T T A C C C  G C ~  CCACTG~ CA~AG CACC ~ IZSQ 
TITTTA~G CU' rC~A~ C C GCAG~A~CC CACTC~ CATTAGCAC CI'~T 
L V L L E L I $ ¥ C F R A L S L 
TTTAGTAC~ CTTGAG ~TAArPTTC~ATTC~ GCATT~GC~AG 1300 
**************************************************  
T~AGTA~ TCC~ AGC TAAT2TC~PTATTG~ GC CCA'/TAAGC ~I~AG 
G. I R L F A  N M M A G  H S L V K I 
GAATACG~A~D~GC TAATATGATGGCC GG~TAG T~AGT~C~TT 1350 
**************************************************  
GAATACGT~ATTTGCTAATATGATGG CC GGTC ATAGTTTAGT~AAGA~'~ 
L S G F A W T M L C M R D L L Y F 
~G~2~GGTTC G~ GGIV2TATGCTATGTATC~TGA~A~Y~ i~00 
**************************************************  
TTAAGTGG~D~CGC TTGGAC TATGCTATGTA~T.AATGATC~TATTT 
I G D L G P L F I V L A L T G L 
TATAG GGGATC~C'~ATTTATAGTTC T~Tg~ACC C~ TCG 1450 
**************************************************  
TATAGC C ~ T ~  GTCC~ TATTTATAGTTC~AAC C GG T C ~GC 
E L G V A I L Q A Y V F T I L I C 
~TTAGGT~AGCTATA~ ~ACCTTATG~AC GATCTTAA~CT CT 1500 
**************************************************  
AATTAG~ GTAGCTATA~TACA~ATGTT~AC GATC~AATC~ 
I Y L N D A Z N L H * 
ATTTACI~TGATG CTATAAATC TCCATT~.~ GTTA~TTA~AT 1550 
**************************************************  
ATTTA~r~NCTATA~ATCTC CA ' /T~GTGGTTATTTAT~AT 
A A ~ G C  GA~fCTGAATCIGGTATAC C TAGTC GTGGAC-CATTC C 1600 
**************************************************  
A ~ G C  GAGTCTGAATC-GG TATACC TAGTC GTGGAGCATTC C 
~%GTATT~r~AGG~TCG~'~CCTGCGCATC TC~ CTTTATAGCAG 1650 
**************************************************  
GA~TA~F~GCTTTAGG~ATC GTTCC ~G CGCA~C TC~I~C CTTTATAGCAG 
~A' f  5 ~  GG~CA~G GTATAGCTCTT GC CT~ GG~ GC CI'2GG 17~0 
***********************************  ** *********** 
TTA CAC~ NGTATAG~ CCC C ~C CTTC G CC ~2GG 
AAA~ GGAC~ACT~ C~TT -~CTACTGAGATAGGCAAGC GGAGGGAGA 1749 
*********************  ****************************  
AA~TCG~AGACTGTTC ~AT TTC CTAC TGAGATAGGCAAGC GGAGG GAGA 
ACTAGAC ~ATCT~ TAGG CA~CAGGTTAG~ATGG~TAC'DTC GC 1799 
***************************************  ********** 
ACT~C.ACGTAT~ TAGG CAAAGAC AGG~AGAATGG -AATAC TTCGC 
TAGGT CC CC-C GC~ATC TGCTG C T C ~ C C ~  AACCC A-  1848 
*************************************************  
TAGG~C C,C GC~AT~TG~TG C-~ GGA~GACTC.AAC C CAT 
C..~S3 lOOO 
t<ig. 4. A comparison of the molecular organisation of the atp6 locus in CMS3 and in fertile sunflower. Alignment of the nucle- 
otide and deduced amino acids sequences of the atp6 genes from the CMS3 and fertile sunflower lines. Segments of the sequence 
which are 100% identical to the consensus putative plant mitochondrial promoter sequence as defined by Binder and Brennicke 
[2] are boxed. Asterisks represent conserved nucleotides between CMS3 and fertile HA89 line. Dotted lines represent gaps in the 
sequence alignment. Putative methionine initiation codons are circled. The conserved core region of 252 amino acids is indicated 
by arrows (see also Fig. 5). 
ORF873 present in the fertile line. This 265 bp 
repeat is also present elsewhere in the fertile ge- 
home and includes the 5' region of the ORFB 
which also shares the first 57 bp with ORF522 in 
the PET1 CMS genome [23]. ORFB, which has 
been shown to be cotranscribed with coxIII in the 
fertile line [35], has an unknown function but is 
conserved in other plant mitochondrial genomes. 
Interestingly, in the mitochondrial genome of 
CMS3, the coxIII locus is located immediately 
downstream of the atpA gene (Fig. 3) suggesting 
that the 265 bp repeat may have been involved in 
generating this novel rearrangement. According 
to Siculella nd Palmer, the atpA and coxIII genes 
are at least 60 kb apart from each other in the 
fertile and PET1 CMS sunflower mitochondrial 
genomes [41]. Homology between the s quenced 
atpA-coxIII region in CMS3 and the correspond- 
ing regions of the fertile genome are almost 99%. 
The small number of sequence differences be- 
tween the two lines were located immediately 3'
to the coxIII stop codon. These include single 
nucleotide substitutions and a few nucleotide 
insertions/deletions (Fig. 3B). Substitution of the 
nucleotide A at position 2719 (Fig. 3B) in the 
fertile sunflower with the nucleotide C in the 
CM S 3 line results in elimination of the stop codon 
of the coxIII gene and leads to an extension of the 
predicted coding region of coxIII in CMS3 by 
seven amino acids. A 417 nt chloroplast DNA 
insertion is present in the mitochondrial genome 
of both the fertile and CMS3 lines 3' to the coxIII 
gene [4]. 
ORFB in the mitochondrial genome of CMS3 
is co-transcribed with the coxIII gene as in the 
fertile sunflower, but the ORFB-coxIII transcript 
in CMS3 is larger than in the fertile line (Fig. 1B). 
It is about 3.1 kb in size and exhibits a diffuse 
hybridisation pattern, indicating either transcript 
instability or multiple 5' or 3' ends. 
Cloning and sequencing of the atp6 region of the 
CMS3 mitochondrial genome 
The atp6 loci of the fertile HA89 and CMS3 mtD- 
NAs were cloned as 3.8 kb Eco RI and 3.0 kb 
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Fig. 5. Comparison of the predicted open reading frames en- 
coding the ATP6 proteins in sunflower with different plant 
species. The open reading frame of the mitochondrial atp6 
genes vary extensively in size in different plant species. The 
arrow indicates the serine residue from which similarity be- 
tween the different atp6 sequences starts. A conserved core 
region of 252 amino acids can be identified. This is flanked by 
diverse amino and carboxy terminal extensions in different 
plant species. 
Bam HI fragments respectively and the DNA se- 
quences were determined. The sequences were 
aligned and are shown in Fig. 4. The atp6 open 
reading frame in the fertile line, identified on the 
basis ofnucleotide and amino acid sequence simi- 
larities with the atp6 genes from other plant spe- 
cies, potentially encodes a protein of 301 amino 
acids (Fig. 5). The fragment containing the atp6 
region in the CMS3 line contains a 437 amino 
acids open reading frame which could encode a 
ca. 48 kDa polypeptide. Comparison of the atp6 
open reading frame in the fertile and the CMS3 
line showed a conserved core region of 252 amino 
acids. This conserved core region is also found in 
the predicted ATP6 protein sequence from other 
plant species, as shown in Fig. 5. Upstream from 
the non-conserved/conserved sequence boundary 
(base 489, Fig. 4) the open reading frames of the 
atp6 gene of fertile and CMS3 sunflower lines are 
extended by 49 and 185 codons respectively and 
1828 
show no similarity in the nucleotide or predicted 
amino acid sequences (Fig. 5). 
Discussion 
There is now strong evidence that CMS in maize 
(CMS-T cytoplasm), petunia and sunflower 
(PET1 CMS cytoplasm) is caused by the expres- 
sion of single chimaeric genes, created as a result 
of aberrant recombination events [9, 30, 32]. 
However, in some cases such as CMS-C in maize 
[10] and CMS in carrot [37], rearrangements of 
several mtDNA regions have been associated 
with the CMS phenotype without direct proof of 
a causal relationship. In this paper, we report he 
molecular characterisation f a new type of CMS 
in sunflower. Southern blot analysis using 14 mi- 
tochondrial gene probes showed that the genomic 
environment around at least five mitochondrial 
loci has been altered in the newly identified CM S 3 
sunflower line (Fig. 1A). The number of rear- 
rangements in the mitochondrial genome of the 
CMS3 line makes it difficult o establish a direct 
causal relationship between the gene(s) involved 
and the male sterile phenotype, since five loci 
were identified as potential candidates. An analy- 
sis of mitochondrial transcript patterns howed 
that among all five loci showing rearrangements 
in CMS3, only the transcripts of the atp6 and 
coxIII loci differ from the fertile line (Fig. 1B). 
However, since our studies were carried out with 
RNA isolated from seedlings, changes in gene 
expression during anther development would not 
have been detected [43]. 
In organello protein synthesis by isolated mito- 
chondria has shown that the novel 15 kDa 
polypeptide ncoded by ORF522 in PET1 CMS 
line and associated with the CMS phenotype [ 17, 
23], is absent in CMS3 (Fig. 2). This provides 
additional evidence that the molecular basis of 
male sterility in CMS3 is different from that in 
PET1 CMS. In order to further characterise the 
alterations in transcription and translation pat- 
terns in the CMS3 line, the unique mtDNA re- 
arrangements a sociated with the coxIII and atp6 
loci were characterised. 
The nucleotide sequence of the closely linked 
atpA and coxIII regions in CMS3 showed a high 
level of similarity with the corresponding, but 
widely separated, regions of the atpA gene and the 
coxIII gene in fertile and PET1 sterile sunflower 
(Fig. 3B) [41]. Since there is a 265 bp repeat at 
the 3' end of the atpA gene and at the 5' end of 
the ORFB-coxIII locus in the fertile sunflower 
[22] (Fig. 3A), we propose that a recombination 
event brought ogether the atpA and coxIII loci in 
the CMS3 line. If this is the case, another copy 
of the 265 bp repeat should be present 3' of the 
coxIII gene, beyond the end of the sequence we 
have determined in this work but this remains to 
be verified. It is interesting to note that a probe 
specific for the ORF873, which is normally 
present 3' of the atpA gene in the fertile line, does 
not hybridise to any restriction fragment in the 
CMS3 mtDNA. This suggest that after the DNA 
recombination events leading to the new mtDNA 
rearrangements found in CMS3 genome, the 
ORF873 is either absent or present at a very low 
level and therefore not detected in our southern 
blot analysis. 
The novel rearrangement around the coxIII loci 
in CMS3 could have involved sequences respon- 
sible for transcript initiation of the ORFB-coxIII 
genes in CMS3 and thus affect he expression of 
these genes. In the CMS3 line we have shown 
that the atpA gene is not co-transcribed with the 
ORFB-coxIII genes as is observed in PET1 CMS 
with atpA and ORF522 [30], however, ORFB is 
co-transcribed with the coxIII gene in the CMS3 
line, as is also the case in the fertile line (Fig. 1B) 
[35]. The fact that a larger coxIII transcript is 
detected in CMS3 compared to the fertile sun- 
flower (Fig. 1B) probably results from an exten- 
tion in the 3' region of the locus (Fig. 3B). The 
diffuse pattern of this transcript, as compared to 
the corresponding transcript in fertile and PET1 
CMS lines could be explained by either multiple 
transcription initiation and termination sites 
and/or by instability of the transcript. Further 
experiments are needed in order to distinguish 
between these different possibilities. In the CM S 3 
line, several nucleotide substitutions, insertions 
and deletions were detected 3' to the coxIII gene 
compared to the fertile sunflower line. These al- 
terations in the nucleotide sequence do not change 
the potential to form stem and loop structures, 
but minor changes in the secondary structure of 
the coxIII locus could be functionally important 
as these might play a role in gene expression [39]. 
As in the fertile line, a 417 nt chloroplast DNA 
insertion is located 3' to the coxIII gene (Fig. 3A). 
Whether this sequence plays a role in the expres- 
sion of the coxIII gene is not known. Our char- 
acterisation of the genomic rearrangements and 
expression of the ORFB-coxIII locus in the 
CMS3 line compared to the fertile line suggest 
that these rearrangements could modify expres- 
sion of the gene in the CMS3 line and be caus- 
ally related to the CMS phenotype. 
Sequence analysis of the atp6 loci from both 
fertile and CMS3 lines revealed that the open 
reading frames encoding ATP6 varies extensively 
in size and could potentially encode apolypeptide 
of 301 amino acids in the fertile line and 437 
amino acids in CMS3 (Figs. 4 and 5). The open 
reading frames of the atp6 gene in both lines share 
a conserved core region of 252 amino acids and 
differ in the amino terminal region in that the 
ORF in the fertile line has an extension of 49 
amino acids compared to an extension of 185 
amino acids in the CMS3 line (Fig. 5). The amino 
terminal extension in both lines show little simi- 
larities to each other. Comparison of the predicted 
ATP6 amino acid sequences from Viciafaba [28 ], 
Brassica polima [42], Oenothera [40], tobacco [3 ] 
and radish [29] share the conserved core region 
of 252 amino acids (Fig. 5) but show diversity in 
the length of amino terminal and carboxy termi- 
nal extensions. The amino terminal extensions of 
higher plant ATP6 polypeptides predicted from 
DNA sequence data varies in length from 9 amino 
acids in radish to 129 amino acids in tobacco and 
the carboxy terminal extensions vary in length 
from zero in Brassica polima and radish to 45 
amino acids in Oenothera. Although it has been 
suggested that the ATP6 polypeptides may con- 
tain presequences involved in membrane locali- 
sation [3] and proteolytic processing and matu- 
ration of the protein [31, 10], the role of these 
sequences as well as the identity of amino acids 
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required for correct processing are unknown. In 
yeast mitochondria, the ATP6 protein can toler- 
ate amino acid substitutions at many positions 
without a significant loss of function [20]. There- 
fore it is not clear whether the extended form of 
the ATP6 protein predicted from the DNA se- 
quence data in CMS3 would be correctly loca- 
lised and processed and whether the amino ter- 
minal extension has any effect on the function of 
the protein. 
It should be noted that although there are sev- 
eral examples of chimeric genes and pseudogenes 
in plant mitochondria [ 1, 8, 14, 38], in most cases 
there is also an intact copy of the gene elsewhere 
in the genome. Interestingly, the CMS3 line con- 
tains only one copy of the atp6 gene, therefore this 
chimeric locus must encode a functional ATP6 
protein. Other examples of altered single copy 
mitochondrial genes correlated with a male ster- 
ile phenotype are coxI in the 9E cytoplasm of 
sorghum [1], atp6 in Ogura radish [29] and atp6, 
atp9 and coxH in CMS-C in maize [10]. Thus, 
we can speculate that a modified form of the ATP6 
polypeptide in the CMS3 line may not impair the 
activity of the F1-ATP synthase complex during 
most stages of plant growth and development but 
fail to meet the demands associated with mito- 
chondrial function during microsporogenesis. 
A comparison of the proteins synthesised by 
mitochondria isolated from fertile, PET1 CMS 
and CMS3 lines showed that the CMS3 line does 
not synthesise the 15 kDa protein characteristic 
of the PET1 CMS line but does synthesise three 
weakly labelled polypeptides with molecular 
masses of ca. 14, 18 and 38 kDa not found in the 
other lines. The relationship of these polypeptides 
to the altered expression of the atp6 and coxIII 
loci described above has not been determined at 
this stage. The availability of a fertile restored 
CMS3 line will be extremely useful in establish- 
ing a correlation between our molecular data and 
the expression of the CMS phenotype. Very re- 
cently, restorer genes for the CMS3 line have 
been found in the wild species Helianthus annuus 
ssp. texanus (Iuoras, personal communication) 
and this will allow further investigation concern- 
ing the molecular basis of CMS in this newly 
1830 
characterised line. The identification and use of a 
novel CMS source in sunflower breeding, which 
is different from PET1 CMS, will increase the 
cytoplasmic genetic variability and reduce the po- 
tential risk of genetic vulnerability associated with 
the use of a single source of male-sterile cyto- 
plasm. 
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